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Introduction {#jdi12096-sec-0005}
============

The incidence of type 2 diabetes is rapidly increasing worldwide[1](#jdi12096-bib-0001){ref-type="ref"}, and this is problematic because of its associated complications. Although the detection of diabetes at an early stage is crucial in order to prevent the onset and progression of complications, detection of early stage diabetes is difficult because neither HbA1c nor fasting plasma glucose (FPG) levels, which are used as part of routine health check‐ups, are sufficiently sensitive. Recently, the International Expert Committee[2](#jdi12096-bib-0002){ref-type="ref"} and American Diabetes Association[3](#jdi12096-bib-0003){ref-type="ref"} recommended that HbA1c levels should be used for the diagnosis of diabetes; this recommendation has provoked controversy in relation to HbA1c screening‐ and diagnosis‐related issues, such as sensitivity in the detection of impaired glucose tolerance (IGT)[4](#jdi12096-bib-0004){ref-type="ref"}, appropriate criteria[5](#jdi12096-bib-0005 jdi12096-bib-0006){ref-type="ref"}, differences between diagnoses obtained on the basis of HbA1c levels and those obtained on the basis of an oral glucose tolerance test (OGTT)[7](#jdi12096-bib-0007){ref-type="ref"}, and the reliability of measurements[8](#jdi12096-bib-0008){ref-type="ref"} among other issues[9](#jdi12096-bib-0009){ref-type="ref"}. At present, the use of HbA1c levels for precise screening or diagnosis of IGT has its limitations. Although an OGTT, which is the gold standard for diagnosis, is useful in the detection of IGT[10](#jdi12096-bib-0010){ref-type="ref"}, such tests are troublesome for both patients and medical staff because of the requirement for frequent blood sampling, especially at primary care hospitals.

The availability of a system to estimate postprandial glucose excursion without the need for blood sampling would be beneficial[11](#jdi12096-bib-0011){ref-type="ref"}. For this purpose, we investigated and developed a system for the measurement of postprandial glucose excursion estimated as a glucose area under the curve (AUC) value using minimally invasive interstitial fluid extraction technology (MIET). This corresponds to the total increase in postprandial glucose levels; therefore, consideration of the timing of blood sampling is unnecessary. With this technology, the glucose AUC value after a glucose load can be analyzed by placing a hydrogel patch on pretreated skin for a predefined period to accumulate interstitial fluid glucose (IG). This system enables easy measurement of glucose AUC, which acts as a surrogate for postprandial hyperglycemia.

The feasibility of our technology has been reported by Sato *et al*.[11](#jdi12096-bib-0011){ref-type="ref"}, who showed that, in healthy subjects, the IG AUC correlated strongly with glucose AUC as determined by postprandial self‐monitoring of blood glucose (SMBG). The accuracy of this measurement system was then evaluated by performing an OGTT in patients with and without diabetes, and comparing IG AUC with reference plasma glucose (PG) AUC for a wide range of AUCs during rapid changes in glucose[12](#jdi12096-bib-0012){ref-type="ref"}.

In the present study, we investigated the efficacy of this system to assess its feasibility as a screening tool for glucose intolerance in outpatients scheduled to undergo an OGTT. The effectiveness of this screening test was compared with conventional tests, including tests that use HbA1c, FPG, and 2‐h post‐load glucose levels.

Materials and Methods {#jdi12096-sec-0006}
=====================

Clinical Evaluation Protocol {#jdi12096-sec-0007}
----------------------------

IG AUC was measured using MIET during the administration of an OGTT to 50 outpatients with suspected glucose intolerance. Interstitial fluid (ISF) was collected from the skin of the forearm. The collection site was wiped with an antiseptic, and microneedle arrays were then stamped at two sites using a microneedle applicator. Two hydrogel patches were placed on each pretreated area to absorb ISF, and a third hydrogel patch was placed on an untreated area for sweat monitoring. Venous blood was sampled for measurement of PG and insulin levels. After glucose consumption (TRELAN‐G75; Ajinomoto Pharma, Tokyo, Japan), PG levels were measured every 30 min for 2 h. Before the final PG measurement, the hydrogel patches were collected to analyze ISF composition. Immediately after ISF extraction and 1 day after measurement, patients were requested to complete a questionnaire and provide feedback on the system.

Insulin, PG, and HbA1c (NGSP) levels[13](#jdi12096-bib-0013){ref-type="ref"} were measured using a conventional clinical laboratory system that is routinely calibrated.

The present study was performed in accordance with the latest version of the Declaration of Helsinki. The study protocol was approved by the Ethics Committee of Osaka Police Hospital (Osaka, Japan) and all participants provided written informed consent.

Apparatus and Materials {#jdi12096-sec-0008}
-----------------------

The polycarbonate microneedle arrays covered approximately 50 mm^2^ and comprised 305 needles (length 0.3 mm). The applicator for microneedle stamping of the skin was a spring‐action hand‐held system with a stamping speed of approximately 6 m/s. The hydrogel patch comprised a polyvinyl alcohol hydrogel (2% KCl) and an adhesive tape (KP; Nichiban, Tokyo, Japan).

The reagent for glucose analysis comprised four enzymes and one dye in phosphate buffer solution. Each 0.1 mL phosphate buffer solution contained 2.6 U glucose oxidase (Wako Pure Chemical Industries, Osaka, Japan), 0.023 U mutarotase (Wako Pure Chemical Industries), 0.25 U peroxidase (Wako Pure Chemical Industries), 0.49 U ascorbic acid oxidase (Wako Pure Chemical Industries), and 0.016 mL Amplex red solution (Molecular Probes, Eugene, OR, USA).

Procedures for Glucose and Sodium Ion Analyses {#jdi12096-sec-0009}
----------------------------------------------

The hydrogel was separated from the adhesive tape prior to analysis of the extract and was then placed in 0.3 mL pure water overnight to extract glucose and sodium. For glucose measurement, 0.1 mL of a 12‐fold diluted sample solution was mixed with 0.1 mL reagent. After 60 min incubation, the fluorescence intensity of Amplex red was measured using a fluorescence plate reader (GENios; TECAN Japan, Kawasaki, Japan). Sodium ion concentrations were analyzed using the DX‐500 ion chromatography system (Dionex, Bannockburn, IL, USA).

Data Analysis Methods {#jdi12096-sec-0010}
---------------------

Reference PG AUCs were calculated by trapezoidal approximation of PG levels measured every 30 min. Defining the PG value at *x* min as *PG*(*x*), the reference PG AUC was calculated as follows: $$\text{Reference}\mspace{2mu}\text{PG\ AUC}\mspace{2mu}(\text{mg} \cdot h/\text{dL}) = \frac{\text{PG}(0) + 2 \times \text{PG}(30) + 2 \times \text{PG}(60) + 2 \times \text{PG}(90) + 2 \times \text{PG}(120)}{4}$$

The IG AUC was calculated on the basis of the measured mass of glucose M~glu~ (in nmol) and sodium ions M~Na~ (in nmol) in the hydrogel. The M~glu~ level was corrected by the sodium level in the hydrogel for sweat monitoring. The details and principles of data analysis have been described previously[10](#jdi12096-bib-0010){ref-type="ref"}. PG AUC and IG AUC data with time delay for blood and ISF sampling were corrected by sampling time to obtain 2‐h equivalent values for the evaluation of screening effectiveness.

The insulinogenic index (II), homeostasis model assessment of β‐cell function (HOMA‐β), homeostasis model assessment of insulin resistance (HOMA‐IR), Matsuda index, and disposition index (DI) were calculated from PG and insulin data obtained during the OGTT[14](#jdi12096-bib-0014 jdi12096-bib-0015){ref-type="ref"}.

Classification of glucose tolerance by the OGTT was based on World Health Organization criteria.[16](#jdi12096-bib-0016){ref-type="ref"} Impaired fasting glucose (IFG) with IGT was classified as IGT.

Pearson\'s product--moment correlation coefficients were analyzed for statistical analysis of the correlation between two parameters.

Results {#jdi12096-sec-0011}
=======

Glucose Profiles {#jdi12096-sec-0012}
----------------

Baseline patient information, OGTT results, and analyses of OGTT‐derived data classified by diagnostic criteria are given in Table [1](#jdi12096-tbl-0001){ref-type="table-wrap"}. According to these criteria, there were 15 cases of normal glucose tolerance (NGT), four of IFG, 16 of IGT, and 13 of diabetes. The IGT subclasses depending on peak glucose levels are discussed in detail in the following section. One subject whose hydrogel patches were collected 1 h later than the predefined time and one whose HbA1c levels could not be used were excluded from all analyses.

###### Subject characteristics and oral glucose tolerance test results according to glucose tolerance

                        NGT           IFG            IGT            DM                           
  --------------------- ------------- -------------- -------------- ------------- -------------- -------------
  *n*                   15            4              16             4             12             13
  Age (years)           53.5 ± 17.5   62.8 ± 7.5     59.6 ± 13.1    67.0 ± 5.9    57.1 ± 14.0    62.5 ± 6.6
  BMI (kg/m^2^)         24.6 ± 4.0    22.7 ± 2.9     25.4 ± 3.5     24.6 ± 0.9    25.7 ± 4.0     26.7 ± 7.6
  HbA1c (%)             5.6 ± 0.4     6.1 ± 0.2      5.9 ± 0.4      5.5 ± 0.2     6.0 ± 0.4      6.6 ± 0.4
  PG (mg/dL)                                                                                     
  Fasting               95 ± 9        112 ± 2        105 ± 12       96 ± 9        108 ± 11       130 ± 14
  0.5 h                 145 ± 32      174 ± 31       179 ± 36       129 ± 24      195 ± 20       217 ± 17
  1 h                   152 ± 41      185 ± 30       202 ± 58       112 ± 21      232 ± 25       266 ± 31
  2 h                   108 ± 22      113 ± 15       159 ± 17       144 ± 4       164 ± 17       215 ± 62
  AUC                   267 ± 53      301 ± 48       345 ± 74       234 ± 23      381 ± 39       454 ± 45
  Insulin (mU/L)                                                                                 
  Fasting               7.5 ± 5.0     9.0 ± 4.0      8.7 ± 3.9      8.6 ± 2.5     8.8 ± 4.4      7.5 ± 3.5
  0.5 h                 48.8 ± 23.7   46.1 ± 21.8    51.7 ± 44.0    73.8 ± 58.7   44.3 ± 38.3    22.4 ± 11.2
  1 h                   62.0 ± 36.3   79.9 ± 42.6    70.8 ± 54.5    33.0 ± 20.9   83.5 ± 56.9    42.6 ± 26.3
  2 h                   38.0 ± 21.8   37.2 ± 25.0    72.3 ± 51.1    54.5 ± 36.6   78.2 ± 55.2    45.5 ± 25.8
  AUC                   94.3 ± 44.7   103.7 ± 30.5   115.7 ± 74.1   81.9 ± 40.8   127.0 ± 80.5   72.8 ± 30.7
  Insulinogenic index   1.2 ± 1.4     0.6 ± 0.1      1.1 ± 2.0      3.3 ± 3.4     0.4 ± 0.4      0.2 ± 0.1
  HOMA‐β (%)            84 ± 48       65 ± 26        83 ± 52        98 ± 32       79 ± 57        41 ± 20
  HOMA‐IR               1.8 ± 1.2     2.5 ± 1.2      2.2 ± 0.9      2.0 ± 0.7     2.3 ± 1.0      2.4 ± 1.2
  Matsuda index         6.8 ± 4.7     4.0 ± 1.6      4.2 ± 1.9      5.7 ± 2.3     3.7 ± 1.6      4.5 ± 2.6
  Disposition index     8.4 ± 11.2    2.3 ± 0.7      6.3 ± 16.5     21.7 ± 30.7   1.2 ± 0.6      0.7 ± 0.5

NGT, normal glucose tolerance; IFG, impaired fasting glucose; IGT, impaired glucose tolerance; PG, plasma glucose; DM, diabetes mellitus; BMI, body mass index; AUC, area under the curve; HOMA‐β, homeostasis model assessment of β‐cell function; HOMA‐IR, homeostasis model assessment of insulin resistance.
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Figure [1](#jdi12096-fig-0001){ref-type="fig"} shows the PG profiles classified according to the diagnostic criteria. Of the 15 profiles for NGT, four showed peak glucose ≥180 mg/dL. There were two and four profiles for IFG and IGT, respectively, with peak glucose \<180 mg/dL. As shown in Figure [1](#jdi12096-fig-0001){ref-type="fig"}, times for peak PG were class dependent and occurred mainly at 30--60 min in cases of NGT and IFG, at 60 min in cases of IGT, and at 60--120 min in cases of diabetes. Furthermore, IGT profiles showed wide variability at 30--90 min, in contrast with the variation in diabetes profiles that were observed at 120 min.

![Plasma glucose profiles indicative of (a) normal glucose tolerance, (b) impaired fasting glucose, (c) impaired glucose tolerance, and (d) diabetes mellitus after the oral glucose tolerance test. Open symbols, peak plasma glucose \<180 mg/dL; filled symbols, peak plasma glucose ≥180 mg/dL.](jdi-4-552-g1){#jdi12096-fig-0001}

Measurement of IG AUC and Its Usefulness in Screening for Glucose Intolerance {#jdi12096-sec-0013}
-----------------------------------------------------------------------------

Figure [2](#jdi12096-fig-0002){ref-type="fig"}a shows the correlation between IG AUC (mean of two measurements) and reference PG AUC. The correlation coefficient was sufficiently high (*R *=* *0.92) for a wide range of PG AUC (180--526 mg h/dL). The reproducibility of two simultaneous IG AUC measurements was 8.3% and the mean percentage error from the regression line was 11.6%; these results are consistent with those from a previous study[12](#jdi12096-bib-0012){ref-type="ref"}. High accuracy among patients aged 27--77 years and those with a body mass index of 19.8--48.5 kg/m^2^ indicated that MIET is suitable for use in a variety of patients.

![Usefulness of the interstitial fluid glucose (IG) area under the curve (AUC) for glucose intolerance screening. (a) Correlation between IG AUC and plasma glucose (PG) AUC. (b) IG AUC levels in subjects with normal glucose tolerance (NGT), impaired fasting glucose (IFG), impaired glucose tolerance (IGT), and diabetes mellitus (DM). (◇), peak PG \<180 mg/dL; (◆), peak PG ≥180 mg/dL.](jdi-4-552-g2){#jdi12096-fig-0002}

Using measured IG AUC, IGT and diabetes were separated from NGT and IFG (Figure [2](#jdi12096-fig-0002){ref-type="fig"}b). The threshold level for separation was approximately 290 mg h/dL. In Figure [2](#jdi12096-fig-0002){ref-type="fig"}b, markers were characterized by peak glucose levels for NGT, IFG, and IGT. The larger glucose excursions after glucose load (NGT, IFG, or IGT with peak glucose ≥180 mg/dL) and diabetes were completely separated from the smaller glucose excursions (peak glucose \<180 mg/dL in NGT, IFG, or IGT).

The PG profiles for IGT as shown in Figure [1](#jdi12096-fig-0001){ref-type="fig"}c show the large difference between PG AUCs for IGT with low and high peak PG levels. The mean PG AUC for IGT with peak PG \<180 mg/dL (234 mg h/dL) was similar to that for NGT (267 mg h/dL), and the mean PG AUC for IGT with peak PG level ≥180 mg/dL (381 mg h/dL) was similar to that for diabetes (454 mg h/dL). The small glucose excursions in the low peak PG subclass suggest that this subclass need not be classified as IGT. In contrast, the high peak PG subclass, which showed large glucose excursions, requires classification as early stage diabetes. Insulin‐related data support this hypothesis (Table [1](#jdi12096-tbl-0001){ref-type="table-wrap"}). Values for II and DI associated with IGT with low peak PG levels were sufficiently high, but the level of IGT with high peak PG levels was closer to that of diabetes, suggesting that the ability to secrete insulin and insulin resistance differ between IGT subclasses (Table [1](#jdi12096-tbl-0001){ref-type="table-wrap"}).

Screening Performance of Conventional Indices {#jdi12096-sec-0014}
---------------------------------------------

Figure [3](#jdi12096-fig-0003){ref-type="fig"} shows FPG (Figure [3](#jdi12096-fig-0003){ref-type="fig"}a), HbA1c (Figure [3](#jdi12096-fig-0003){ref-type="fig"}b), 2‐h PG (Figure [3](#jdi12096-fig-0003){ref-type="fig"}c), and PG AUC (Figure [3](#jdi12096-fig-0003){ref-type="fig"}d) levels categorized by glucose tolerance. Most IGT and some diabetes cases were judged as NGT according to FPG and HbA1c levels. A degree of overlap between NGT and IGT/diabetes makes it difficult to define a suitable threshold level while screening for glucose intolerance. Although classification by 2‐h PG levels improved separation, no high peak PG levels were found with NGT or IFG in addition to the false‐positive results associated with IGT with low peak PG levels. There was good correlation between PG AUC and IG AUC (Figure [2](#jdi12096-fig-0002){ref-type="fig"}a); therefore, classification by PG AUC was similar to that by IG AUC (Figure [3](#jdi12096-fig-0003){ref-type="fig"}d).

![Screening performance of conventional indices: (a) fasting plasma glucose (FPG); (b) HbA1c; (d) plasma glucose (PG) 2 h after glucose loading; and (d) PG area under the curve (AUC). The dashed line shows the threshold level (upper limit) of normal glucose tolerance for each index. (◇), peak PG \<180 mg/dL; (◆), peak PG ≥180 mg/dL. NGT, normal glucose tolerance; IFG, impaired fasting glucose; IGT, impaired glucose tolerance; DM, diabetes mellitus.](jdi-4-552-g3){#jdi12096-fig-0003}

Correlation between IG AUC and Peak PG Levels {#jdi12096-sec-0015}
---------------------------------------------

As demonstrated previously[12](#jdi12096-bib-0012){ref-type="ref"}, there is a good correlation between IG AUC and peak PG levels, and this was further confirmed in the present study (Figure [4](#jdi12096-fig-0004){ref-type="fig"}a), which suggests the feasibility of detecting peak glucose levels using MIET. If peak PG level is selected as a screening marker, IG AUC would represent a good surrogate marker for peak PG levels. A higher correlation between PG AUC and peak PG levels suggests that PG AUC may act as a surrogate marker for peak PG levels for 2 h during an OGTT (Figure [4](#jdi12096-fig-0004){ref-type="fig"}b).

![Correlation between (a) peak plasma glucose (PG) levels and interstitial fluid glucose (IG) area under the curve (AUC), and (b) peak PG levels and PG AUC.](jdi-4-552-g4){#jdi12096-fig-0004}

Sampling Complications and Questionnaire Results {#jdi12096-sec-0016}
------------------------------------------------

No bleeding was observed after stamping of the microneedle array or during accumulation of ISF. Slight erythema occurred at the stamped area, but this disappeared within a few days. Most patients reported neither pain nor discomfort associated with stamping in their responses to the questionnaire.

Discussion {#jdi12096-sec-0017}
==========

The results of the present study suggest that glucose AUC measurement using MIET may provide satisfactory screening results for glucose intolerance without the requirement for blood sampling. Below we discuss the similarities and differences between PG AUC and IG AUC, focusing on the implications of screening markers in the application of MIET.

PG AUC for screening of glucose intolerance {#jdi12096-sec-0018}
-------------------------------------------

Both glucose AUC and PG AUC have been used as markers of postprandial glucose excursion. For example, the glycemic index, which is used to select an appropriate diet for patients with diabetes, is calculated by comparing the glucose AUC of the planned meal with that of a standard meal[17](#jdi12096-bib-0017){ref-type="ref"}. Changes in PG AUC are used to evaluate the efficacy of medicines such as α‐glucosidase inhibitors or nateglinide for postprandial hyperglycemia[18](#jdi12096-bib-0018 jdi12096-bib-0019){ref-type="ref"}. This trend is also apparent in the evaluation of recently developed medicines, such as incretin‐related agents and sodium‐glucose cotransporter type 2 inhibitors, both of which act by suppressing increases in postprandial glucose levels[20](#jdi12096-bib-0020 jdi12096-bib-0021){ref-type="ref"}.

Nevertheless, there are no definitive guidelines in regard to PG AUC criteria for glucose intolerance screening or diagnosis. Only the study by Zhou *et al*.[22](#jdi12096-bib-0022){ref-type="ref"} has demonstrated the effectiveness of 3‐h PG AUC as a screening index for IGT or diabetes compared with other indices used during an OGTT. Most studies have used 2‐h PG levels after OGTT, but issues such as low reproducibility[23](#jdi12096-bib-0023){ref-type="ref"} and the importance of 1‐h or peak glucose measurements[24](#jdi12096-bib-0024){ref-type="ref"} have been highlighted. The use of PG AUC can solve these issues. A high correlation between PG AUC and peak PG levels suggests that PG AUC would be a good surrogate marker of peak PG levels, which corresponds to the glucose spike level. Furthermore, PG AUC is expected to be robust compared with 2‐h PG because PG AUC embraces total glucose excursion after glucose intake, whereas 2‐h PG is an instant value obtained during PG fluctuation.

In the present study, 290 mg h/dL was proposed as the appropriate threshold level when this system was used for the screening of glucose intolerance. Calculation of maximum AUC for NGT using diagnostic criteria at 0, 1, and 2 h gave a value of approximately 305 mg h/dL, which nearly corresponds to the value used in the present study. Further studies are required to confirm the adequacy of the threshold level of PG AUC by comparing it with conventional indices and related prognoses.

IG AUC as a Screening Marker {#jdi12096-sec-0019}
----------------------------

We showed that there was a strong correlation between IG AUC predicted by MIET and reference PG AUC. Screening using PG AUC is rare because of difficulties associated with its measurement. However, our painless and easy‐to‐use system can be used for glucose intolerance screening as part of a routine health check‐up or at primary care hospitals before a diagnostic OGTT is performed. Although a 75‐g glucose load with MIET is recommended for precise evaluation, a test meal would be appropriate for subjects undergoing a routine health check‐up as prescreening for glucose intolerance.

Application of the IG AUC Measurement System {#jdi12096-sec-0020}
--------------------------------------------

The IG AUC measurement system can easily be applied for longer measurement periods by simply leaving the hydrogel patch attached for the period desired. If placed for 4 h, the AUC would reflect the total increment in postprandial glucose levels attributable to diabetes[25](#jdi12096-bib-0025){ref-type="ref"}. Glucose AUC divided by accumulation time corresponds to the average glucose level; therefore, if the patch is placed for 10--12 or 24 h, average daytime, night‐time, or 1‐day glucose levels can be determined without the need for blood sampling. This average glucose concept can be used as an alternative for the measurement of HbA1c levels, which is interpreted as the average glucose level over several months[26](#jdi12096-bib-0026){ref-type="ref"}. Average glucose levels measured by MIET can reflect glucose excursion over 1 day, which can then be applied to drug efficacy monitoring.

In addition, this system can potentially be used as a tool for disease management and patient education. Currently, SMBG is mainly used for this purpose, but the pain and inconvenience associated with SMBG prevent patients from using it effectively[27](#jdi12096-bib-0027){ref-type="ref"}. Glucose measurement by MIET would enable patients to measure total postprandial glucose excursion without the need for blood sampling and would also show changes over time. Therefore, MIET can play a role in self‐monitoring of glucose excursion at home.

Study Limitations {#jdi12096-sec-0021}
-----------------

The sample size of the present study was not sufficiently large to show a powered result for screening performance using the receiver operating characteristic (ROC) curve. The usefulness of PG AUC as a screening marker can be discussed using the volume of OGTT data without MIET. The relevance of subclasses depending on the peak glucose levels and their importance should be discussed at the same time.

The accuracy of AUC measurement was evaluated over 2 h only; therefore, it should be tested in future studies for longer periods of time.

Conclusions {#jdi12096-sec-0022}
===========

In summary, the results of the present study suggest that our recently developed system for glucose AUC measurement using MIET would be useful in screening for glucose intolerance. Potential benefits of postprandial glucose excursion measurement in daily clinical practice should be evaluated in extended studies.
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